ABSTRACT Construction of biomolecular computing devices has become a hot topic. Although many biomolecular computing devices have been developed, cellular comparators, which play a critical role in facilitating decision-making, are still challenging to create. A comparator requires a computing tool that can determine values based on judging the existence of a signal. It is challenging to find such a computing tool. The clustered regularly interspaced short palindromic repeats/DNase-dead Cpf1 (CRISPR/ddCpf1) system is a novel expressing interference system with high specificity and programmability. In this paper, we have successfully designed, constructed, and tested a genetic comparator in the bacterium Escherichia coli using the CRISPR/ddCpf1 system. The comparator could indicate the maximum value for up to three signals. The comparator may have many potential applications in decision-making tasks, such as biocomputing, biotherapy, bioremediation, and artificial intelligence. In addition, our results provide important insights into the use of the CRISPR/ddCpf1 system to establish complex cellular computing devices.
I. INTRODUCTION
Biocomputing performs computation with biomolecules themselves by using human-designed biochemistry and biophysics. In the last decade, numerous biomolecular computing devices for in vitro and in vivo applications have been developed with the rapid advancement of biotechnology [1] - [3] . These biomolecular computing devices have demonstrated a wide range of applications, such as bistability [4] , oscillation [5] , counter [6] , logic capabilities [7] - [9] , memory [10] - [12] , state machine [13] , sensor [14] , NP-problem [15] , information storage [16] , [17] , arithmetic logic unit [18] , and reaction controller [19] .
A comparator is a critical computing device that has many potential applications in decision-making. Digital comparisons can be conducted in vitro using DNA devices [20] . However, construction of cellular comparators is much more challenging owing to the characteristics of cellular computing. According to the basic theory of combinatorial logic circuits, some particular logic gates, such as XOR gate, can be used to build any complex circuits; however, such a theory
The associate editor coordinating the review of this manuscript and approving it for publication was Debashis De. has failed to facilitate the construction of cellular computing devices. In contrast to electronics, where all wires are identical but physically isolated, in the cellular context, every connection has to be implemented by a different biomolecular element. Consequently, it is difficult to construct complex circuits by reusing the simple circuit. In addition, cellular computing has the characteristic of simplicity because a cell is small, and the resources in a cell are limited. Complex operations are difficult to realize in the cell. Based on these points, scientists have to design simple circuits according to the specific requirements for cellular computing instead of reusing the simple circuit. Compared with other cellular computing devices, comparators need to achieve operations that are more complex. Most computing devices, such as logic gates, operate based on the existence of signals. A comparator needs to carry out comparisons based on the existence of signals. Consequently, it is difficult to find such a computing tool among current commonly used tools, such as transcription factor regulation. This limitation represents a major obstacle for constructing cellular comparators.
Clustered regularly interspaced short palindromic repeats (CRISPR) is a revolutionary genome editing tool with high specificity and programmability. Presently, CRISPR-mediated DNA storage is used to capture large amounts of data. A representative example is the digitization of a movie into the genomes of living cells [16] .The clustered regularly interspaced short palindromic repeats/DNase-dead Cpf1 (CRISPR/ddCpf1) system is a novel system for interfering with gene expression [21] based on CRISPR genome editing tool. The CRISPR/ddCpf1 system consists of a ddCpf1 and a CRISPR RNA (crRNA), which is responsible for the specific recognition of a target. The interference principle may be that the crRNA/ddCpf1 complex binds to the target sequence, in turn blocking the transcription. The crRNA is a short RNA sequence, only about 40 nt, which can be designed according to specific requirements. Previous studies have demonstrated that the CRISPR/ddCpf1 system is programmable, has high specificity, and is not influenced by other regulation tools [21] . These advantages have made the CRISPR/ddCpf1 system highly advantageous in the construction of cellular comparators.
In this study, we present the design of a cellular comparator using the CRISPR/ddCpf1 system. This comparator could indicate the maximum value for up to three different kinds of signals (any two of them are not equal). In the design of this comparator, each signal is designated a characteristic gene. Each signal drives its own characteristic gene except the minimal signal. The maximum signal also drives the crRNA of the characteristic gene of the middle signal. The expression of the characteristic gene for the maximum value will increase the most during the comparison process. Based on this design, we developed a comparator to compare the values of anhydrotetracycline (aTc), isopropyl β-d-thiogalactoside (IPTG), and arabinose in the bacteriumEscherichia coli (E. coli). Functional assay results then showed that the comparator was successfully constructed. Overall, our results provide important insights into the use of CRISPR/ddCpf1 system to establish cellular computing devices. 
II. DESIGN
Suppose the value of the signal is arabinose > IPTG > aTc. Table 1 shows the characteristic gene for each signal, and Fig. 1 is the genetic circuit of the comparator. In this system, a constitutive promoter (P cons ) drives ddCpf1. Promoter P Arab , which responds to arabinose, drives the transcription of crLacZ and YFP. The crLacZ is a short RNA sequence that targets the template DNA strand of the lacZ gene. The promoter P IPTG , which responds to IPTG, drives the transcription of LacZ. The comparison process is illustrated in Table 2 . 
III. EXPERIMENT A. THE CONSTRUCTION OF THE COMPARATOR
The E. coli strain MG1655, which has the lac operon so that the LacZ gene can be induced by the IPTG, was selected VOLUME 7, 2019 for the construction of the comparator. Plasmid pddCpf1, which has a ddCpf1 gene and a constitutive promoter, was used to express ddCpf1 constitutively. To construct the plasmid pArab-crLacZ-YFP, which can transcribe crLacz and YFP, the plasmid pArabinose, which has an arabinoseinduced expression system, was used as a template. The pArabinose preserved by our lab was amplified using the primer pair MutF/MutR, digested by DpnI, and seamlessly ligated by an Ezmax one-step cloning kit (Tolo Biotech., Shanghai, China) to obtain the ineffective BsmBI mutated template. The ineffective BsmBI mutated template was digested by BsmBI, XhoI, and DpnI to obtain the vector. To obtain the crLacZ-YFP insert, plasmid pDS17163 preserved by our lab was amplified using the primer pair YFP-F1/YFP-R2 and then amplified with primer pair YFP-F2/YFP-R2. Note that a direct repeat sequence was required at both ends of the crLacZ to ensure that the expression of YFP was not adversely influenced. The amplified products were digested by BsmBI and XhoI. The vector and the crLacZ-YFP insert were ligated by T4 DNA ligase and verified by sequencing with YFP-seq1/YFP-seq2. The pddCpf1 and pArab-crLacZ-YFP were cotransformed into the E. coli strain MG1655 using a standard heat-shock protocol to obtain the comparator strain. All restriction endonucleases and T4 DNA ligase were purchased from New England Biolabs. The E. coli strain MG1655 and pddCpf1 were purchased from Tolo Biotech. The sequences and oligonucleotides were synthesized by Tolo Biotech. The sequencing was performed by Tolo Biotech. All manipulations in the experiment were performed according to the manufacturer's instructions. All oligonucleotides used in the experiment are listed in Table 3 . 
B. IMPLEMENTATION OF THE COMPARATOR
The comparator strain was stored in Luria-Bertani (LB) medium containing 20% glycerin. The strain can be stored for several days at 4 • C or for 2-3 years at −20 • C. When using the comparator, the cells were grown overnight with shaking at 250 rpm and 37 • C first. Overnight cultures were then diluted 100-fold and grown until the optical density at 600 nm (OD 600 ) reached approximately 0.6. Once the desired OD 600 was reached, the signals that needed to be compared were added. Subsequently, the cells were grown for 6-8 h with shaking at 250 rpm and 37 • C. Finally, the results were evaluated by quantitative reverse transcription polymerase chain reaction (qRT-PCR).
C. THE ASSAY RESULTS
Reverse transcription polymerase chain reaction (RT-PCR) is a technique that is commonly used to detect RNA expression. Quantitative polymerase chain reaction (qPCR) is used to quantify DNA. The combined technique of RT-PCR and qPCR, described as qRT-PCR, is often used in laboratories in the qualitative study of gene expression. In the present study, the expression of characteristic genes was evaluated by qRT-PCR.
Total RNA was extracted using a ZR Fungal/Bacterial RNA MiniPrep kit (Zymo Research, Irvine, CA) and then treated with RNase-free DNase I (Takara, Shiga, Japan). The RNA was reverse transcribed into cDNA using a PrimeScript II 1st Strand cDNA Synthesis Kit (Takara). Thereafter, PCR was performed with SYBR qPCR master mix (Takara). The gapA gene was used as the internal control. Three independent samples were used for analyses. All oligonucleotides used in qRT-PCR are listed in Table 4 . A functional assay is used to determine whether the comparator can work or not by assessing the expression change of the characteristic genes via qRT-PCR. After constructing the comparator, we then performed functional assays under the following four conditions: group 1, 10 mM arabinose and 100 ng/mL aTc; group 2, 0.5 mM IPTG and 100 ng/mL aTc; group 3, 10 mM arabinose and 0.5 mM IPTG; and group 4, 10 mM arabinose, 0.5 mM IPTG, and 100 ng/mL aTc. Fig. 2 presents the qRT-PCR results. The change of cycle threshold (− Ct) was used to show the change of gene expression. In our results, positive values represented increased expression, whereas negative values represented decreased expression. The corresponding signal of the characteristic gene that showed the greatest increase was the maximum value. From Fig. 2 , we can see that the expression of YFP (characteristic gene of arabinose) would have increased the most if arabinose (maximum) had been included in the inputs, and the expression of LacZ (characteristic gene of the second maximum IPTG) would have increased the most if arabinose had not been included in the inputs. Overall, our results showed that the comparator successfully indicated the maximum value for all signal combinations.
IV. CONCLUSION AND DISCUSSION
In the present study, we successfully implemented a genetic comparator in E. coli. The comparator could indicate the maximum value for up to three different signals. In the comparator, transcriptional regulation is used to perceive the existence of a signal, and the CRISPR/ddCpf1 system is used as a comparison tool. The comparator has two significant features. First, the design is novel. It can be used to indicate the maximum value of three signals, whereas only two signal response circuits are introduced. It is difficult to realize many circuits in a cell because of the simplicity of the cell. Therefore, the strategy applied in the comparator could facilitate scientists to fully exploit the circuits in other scenarios. Secondly, it is modular. The promoters can be changed based on the plasticity of transcription networks, and the characteristic genes also can be changed according to the programmability of the CRISPR/ddCpf1 system.
It is worth noting that this comparator can only compare three signals (including any two of the three signals) when the minimum signal does not have potential computing tasks as it does not drive any element. When the minimum signal has potential computing tasks, it can compare only two signals (the maximum and middle signals). For example, if aTc has potential computing task, the comparator constructed in this study can only compare IPTG and arabinose.
Cellular computing devices can interact with nature directly, conferring them with many potential applications in environmental protection, agriculture, and healthcare. However, cellular computing devices are inappropriate for performing complex tasks because of the simplicity of the cell. As a result, it is vital to decide the most urgent task to perform. Comparators will play important roles in decisionmaking tasks. For example, scientists have constructed cellular computing devices that can be used to detect metal ions for environmental protection [14] . If these devices can respond to the most harmful ions first with the help of a comparator, they will work more efficiently. Therefore, this design has broad application prospects in biocomputing, biotherapy, bioremediation, and artificial intelligence.
The present study also demonstrates the great potential of the CRISPR/ddCpf1 system in the construction of cellular computing devices. The CRISPR/ddCpf1 system can work independently with traditional transcription factor regulation tools and is easy to program. In addition, the multiplex silencing function is verified and it also can be used for activation in theory [21] . Such characteristics imply that it has great potential in performing complex operations. Currently, research on the CRISPR/ddCpf1 system is still in the initial stages and scientists are in the process of understanding its working. It will be very crucial to understand its working in depth in order to apply it towards the design of complex biocomputers.
For practical applications, there are two challenges associated with the widespread use of such cell comparators. First, the number of orthogonal inducible promoters that can be used as inputs is limited. Thus, the scope of the comparator is also limited. However, this problem may be addressed in the near future by the rapid development of promoter engineering [22] . Second, it is difficult to compare more than three signals within a cell because the resources in a cell are quite limited. Multicellular computation is a hot topic in the field of cellular computing, and some significant progress has been made in recent years [23] . It may prove to be a potential solution to scale up the comparator capacity. Further studies are needed to confirm the applicability of cellular comparators to various decision-making tasks.
